Abstract-Over the past decades, solid freeform fabrication (SFF) has emerged as the main technology for the production of scaffolds for tissue engineering applications as a result of the architectural versatility. However, certain limitations have also arisen, primarily associated with the available, rather limited range of materials suitable for processing. To overcome these limitations, several research groups have been exploring novel methodologies through which a construct, generated via SFF, is applied as a sacrificial mould for production of the final construct. The technique combines the benefits of SFF techniques in terms of controlled, patient-specific design with a large freedom in material selection associated with conventional scaffold production techniques. Consequently, welldefined 3D scaffolds can be generated in a straightforward manner from previously difficult to print and even ''unprintable'' materials due to thermomechanical properties that do not match the often strict temperature and pressure requirements for direct rapid prototyping. These include several biomaterials, thermally degradable materials, ceramics and composites. Since it can be combined with conventional pore forming techniques, indirect rapid prototyping (iRP) enables the creation of a hierarchical porosity in the final scaffold with micropores inside the struts. Consequently, scaffolds and implants for applications in both soft and hard tissue regeneration have been reported. In this review, an overview of different iRP strategies and materials are presented from the first reports of the approach at the turn of the century until now.
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INTRODUCTION
Tissue Engineering
Over the course of history, mankind has always had a desire to prolong life or increase life-quality. Consequently, treatment of large tissue defects and organ failure has always been a popular field of study. 61 Currently, the major treatment for organ/tissue failure consists of transplantation or implantation of a prosthetic device. However, problems typically arise using this approach such as scarcity of suitable donor tissue and complications associated to intense immunosuppressive treatments. Furthermore, prosthetic devices are often characterized by mismatched mechanics combined with wear and tear, resulting in mechanical stress on the surrounding tissue, inflammation and necessity for repeated surgery. To tackle the increasing amount of these commonly observed problems, technological advances have resulted in alternative approaches referred to as 'tissue engineering'. Tissue engineering has been defined by Langer and Vacanti as ''an interdisciplinary field that applies the principles from engineering and life sciences toward the development of biological substitutes that restore, maintain or improve tissue function.'' 39 Of crucial importance in this field of technology, is the generation of 3D culture environments which mimic the natural extracellular matrix (ECM) both in terms of mechanics and biology to grow 3D tissue constructs starting from cells. 24, 38, 59, 67, 68, 70, 107 These so-called scaffolds should ideally guide cell growth towards the envisioned regenerated tissue in terms of architecture and cellular behaviour. 12, 53 Non-toxic, mostly biodegradable building blocks are essential. 51 Consequently, healthy cells can gradually substitute the scaffold with natural ECM during biosynthesis. 19, 51 Generally, highly interconnected porous scaffolds are considered beneficial to facilitate diffusion-driven transport of oxygen, nutrients and waste towards and away from the cells respectively, which is only possible over short distances (100-200 lm) . 3, 4, 12, 71 Additionally, the presence of an interconnected porous network drastically increases cell seeding efficiency, which results in more homogenous cellular distributions throughout the scaffold. Some research groups circumvent hurdles associated with inhomogeneous cellular distribution via the incorporation of cells during scaffold production. 1, 3, 4, 23, 35, 58, 62, 66, 69 This can for example be accomplished by encapsulating cells in a hydrogel precursor solution prior to crosslinking To obtain this beneficial porosity, several techniques can be applied including conventional techniques (including but not limited to soft particle leaching, electrospinning, 65, 107 supercritical CO 2 treatment) and more recently solid freeform fabrication (SFF) techniques.
Solid Freeform Fabrication
SFF is a general term comprising all techniques that enable the production of structures via the sequential delivery of energy and/or materials according to a computer-aided design (CAD). 5 However, often other terms are applied to describe the same principle including additive manufacturing (AM), rapid prototyping (RP) and 3D printing (3DP). 5 RP and AM can be considered general terms, whereas 3DP only refers to one subcategory based on the main technological principle. 5 These subcategories include irradiationbased systems, nozzle-based systems and printer-based systems.
Currently, SFF is considered as the ''golden standard'' for the generation of scaffolds due to its significant benefits over conventional porous scaffold production technologies. In conventional approaches the micro-architecture is mainly process-determined rather than design-driven and often requires extensive manual manipulation. 12, 56 Furthermore, the obtained porosity is often random and poorly interconnected, resulting in limited transport of oxygen and nutrients. 71, 77 In addition, industrially applied fabrication methods such as injection moulding or hot embossing, can never generate equally complex internal structures. 12 In contrast, SFF enables precise control over both macrostructure and microstructure with a high degree of reproducibility and homogeneity. 12, 13, 56, 89 Additionally, the architecture of the micropores can influence cellular behaviour. 74, 89 As a result, SFF enables superior control over diffusion-driven transport, cell growth and differentiation. 51, 53, 74 Hence, the mechanical properties of the scaffolds can be tailored by design. Even gradient mechanical properties can be generated by combining different pore sizes/architectures within one single construct. 27, 30 Moreover, the unique straightforward translation from CAD to CAM allows to tailor each implant to meet specific needs/designs often based on a 3D model obtained from medical imaging techniques. 40, 84, 93, 104 Consequently, since the construction of each specific implant does not require the expensive production of robust molds, patient specific implants become cost-efficient enough for translation to the clinic. 16, 84 In conclusion, SFF is the preferential technique for the generation of cost-efficient, patient-specific constructs closely mimicking the tissue defect based on medical imaging techniques. 12, 82, 93, 104 However, SFF techniques also exhibit certain limitations. For instance, the application of laser-based systems is limited to photo-polymerizable materials (e.g., Stereolithography, SLA or Two photon polymerization, 2PP) or highly controllable melting materials (Selective Laser Sintering, SLS). In addition, unreacted monomers and photo-initiators applied in SLA can exhibit cytotoxicity. 12 Constructs generated via printer based systems are often very brittle and mostly require a post-processing treatment to increase robustness. 5, 37, 54 As for nozzle-based systems, certain design limitations exist. For example, the resolution is inferior to printer based systems and irradiation-based techniques. Also, certain shortcomings can be attributed to SFF techniques in general. First, each SFF technique is only suitable for the processing of a limited range of materials which exhibit the required properties. Secondly, resolution and architectural control are often highly dependent on applied material and SFF technique. Finally, successful SFF of novel materials frequently requires extensive and time-consuming optimization of processing parameters. 5, 63, 87 Therefore, compromises often have to be made in terms of resolution or material properties to generate suitable constructs. 4 
Indirect Rapid Prototyping
To overcome these limitations, several research groups have been and are exploring a methodology which combines the benefits of SFF in terms of controlled, patient-specific design with the freedom of materials associated with conventional scaffold production techniques. 20, 30, 34, 36 This approach applies a construct, generated via SFF techniques as a sacrificial mould or template for the final construct. 95 Therefore, the approach is referred to as ''lost-mould technique'', indirect solid freeform fabrication, indirect rapid prototyping (iRP), indirect additive manufacturing or indirect 3D printing. 13, 29, 43, 81, 82 Here, the processing parameter requirements of the final scaffold material are of secondary importance, as a mould is generated using straightforward processing of well-established materials. 12, 34 To generate the template, SFF techniques can be applied with superior resolution compared to direct SFF of the desired material. 20 By using high resolution techniques for template fabrication, for example SLA, scaffolds with pore and strut sizes as low as 50 and 65 lm respectively can be obtained for materials unsuitable for direct fabrication using high resolution manufacturing methods. 34 Consequently, well-defined 3D scaffolds can be generated in a straightforward manner from materials previously identified as being ''unprintable'' due to thermomechanical properties that do not match the often strict temperature and pressure requirements for direct rapid prototyping. 10, 14, 19, 40, 44, 50, 81, 87 Furthermore, less raw material is required since material consuming process optimization becomes superfluous. Additionally, only the volume of the final construct is required for scaffold production whereas most direct SFF techniques require excessive material amounts. For example, in SLA, uncrosslinked material is washed away after shaping, in 3DP and SLS unbound particles are blown away after structuring. 87 Additionally, iRP allows a straightforward combination of different materials within one scaffold, including bioactive compounds. This is achieved either via blending of materials, or via the creation of zones with different mechanical properties for specific tissue function (e.g., interface between soft and hard tissue). 44, 87 Moreover, iRP allows the creation of a hierarchical porosity in the final scaffold, since porous microstructures can be obtained inside the struts via conventionally applied techniques during or after casting. 10, 29, 34, 36, [42] [43] [44] 50, 53, 77, 79, 87 Consequently, iRP has proven to circumvent hurdles commonly associated with direct SFF techniques and opens up unprecedented opportunities towards new scaffolding strategies 87 (see also ''Generation of Micropores Inside the Scaffold'' and ''Applications of Indirect Rapid Prototyping'' sections). The combination of a large selection of RP techniques with a vast variety of casting/template removal strategies results in a large range of diverse iRP strategies. However, the generally applied methodology consists of three main steps 19, 51, 53 : (Fig. 1 ).
1. Mould fabrication through SFF. 2. Casting of the desired material + fixation of the final shape 3. Mould removal.
The design of the mould has to correspond to the inverse of the final construct. 34, 40 Often this is accomplished in silico by generating an inverse 3D model. 30 In some cases SFF techniques already apply a secondary material during printing to act as a support for the final design, which can be selectively removed afterwards. Hence, selective removal of the construct material rather than support material and application of the support structure as mould for iRP has been reported. 72 Consequently, the process of designing an inverse mould becomes redundant. 72, 73 Another approach to avoid designing an inverse mould is to generate a first structure via SFF exhibiting the design of the final scaffold. This structure is then used as a sacrificial mould to generate the negative sacrificial mould for the final construct. [87] [88] [89] 93 To classify the range of approaches, a first categorization can be obtained by distinguishing between two main iRP strategies. First, the combination of a sacrificial mould generated by SFF to control the macroarchitecture (i.e., the external shape) of the final construct with conventional pore forming has been reported. 42, 43, 50, 53, 85, 93, 104 In the present paper, these methodologies will be referred to as external indirect rapid prototyping (eiRP). 11 ( Fig. 1) . Secondly, the application of SFF templates has been targeted to obtain a controlled microporous structure into the final scaffold. 14, 26, 29, 30, 41, 81, 82, 87, 89, 95 This methodology will be referred to as internal indirect rapid prototyping (iiRP) (Fig. 1) . Sometimes conventional techniques are applied in combination with iiRP to generate a hierarchical microporosity, resulting in the generation of porous struts which follow the morphology of the template. 41, 56, 87 Often also a combination of both approaches has been applied through which a desired outer contour is merged with welldefined inner architectures. 10, 30, 34, 40 
INDIRECT RAPID PROTOTYPING: APPLIED METHODOLOGIES AND MATERIALS
Mould/Template Fabrication Process
Most SFF techniques share a similar process flow. First, a 3D CAD design is generated which can be obtained from medical imaging or designed to meet specific needs. Next, it is sliced along the Z-axis into several consecutive '2D' layers. Finally, these consecutive layers are transferred to coordinates and fed to the SFF device, which processes them into a 3D construct in a layer-by-layer fashion. Some SFF techniques have the possibility to operate outside of the conventional layer-by-layer convention. This is for example the case with 2PP where a focussed spot can be scanned through a photo-crosslinkable solution in 3 dimensions. However, these also often apply layer-bylayer fabrication to decrease production times and simplify CAD processing. 92 An overview of currently applied template fabrication processes for iRP is presented in Fig. 2 and the paragraphs below.
Irradiation-Based Systems
Irradiation-based systems deliver energy via irradiation to transfer a CAD to a certain material. A distinction can be made based on the purpose of the applied irradiation between local photo-polymerization systems (e.g., SLA, 2PP) and sintering systems which apply heat to locally fuse particles together (i.eSLS). To date, only photo-polymerization techniques have been applied for iRP. In this respect, the best known technique is SLA where a laser beam is scanned across the surface of a photo-curable resin or (pre)polymer solution, thereby locally polymerizing the material. After solidification of a complete layer, the platform moves downwards for processing of the next layer. After multiple iterations, unpolymerized material is removed leaving behind the polymerized template. 30, 59, 83 A similar approach is digital light projection (DLP) or microstereolithography (MSTL), where instead of laser irradiation, a UV lamp is used combined with a micromirror array. Every layer is converted into a pixelated image and transferred to the micromirror array (digital micromirror device, DMD) where every pixel corresponds to one micromirror. 49 Mirrors corresponding to areas which need to solidify reflect the UV light to the polymer solution, whereas the remaining mirrors reflect the light away. 36, 106 Consequently, each layer is generated in one flash in contrast to processes exploiting the scanning of a laser beam, which makes the technique faster than conventional SLA. 36 ( Fig. 3 ). High resolution and precise architectural control render SLA and DLP/MSTL ideal for complex porous templates suitable for iiRP with high shape fidelity. 9, 14, 30, 106 Currently, MSTL techniques enable generation of structures with (sub)-micron sized features. 84 However, since the applied mould is photocrosslinked, template removal becomes less straightforward. Consequently, the method is generally used to generate ceramic scaffolds which allow template removal via pyrolysis. 83, 106 Soft lithography is another irradiation-based technology utilized in iRP. First, a pattern is generated via lithography on a robust photoresist. Next, poly(dimethylsiloxane) (PDMS) is ''cast'' onto the generated pattern, and the inverse pattern is transferred to the PDMS by hardening to generate a PDMS ''stamp''. 23 This soft ''stamp'' is then coated with the desired material followed by transfer of this material to a targeted surface, similar to conventional stamps coated with ink. The technique is referred to as soft lithography since lithography is applied as a master for a soft stamp material (PDMS). The technique cannot be considered a true SFF technique since only '2.5D' single-layer patterns are generated through this approach. However, by introducing several singlelayer templates into the final material followed by template removal, 3D scaffolds can be obtained containing a stack of planar channels for iiRP. 23 
Nozzle-Based Systems
Nozzle-based systems apply controlled X-Y movement of a material-depositing nozzle to generate each layer of the CAD. Increasing distance between the plotting head and plotting platform enables stacking of these layers to generate a 3D structure. A subcategorization can be performed based on the applied extrusion/dispensing mechanism.
The most straightforward nozzle-based technique is fused deposition modelling (FDM). The method uses a thermoplastic polymer filament which is fed by rollers through a heated nozzle which melts the polymer material just before deposition. 5, 38, 55, 107 During deposition, the heat of the freshly deposited polymer softens the previous layer thereby inducing interlayer attachment. 109 FDM can generate structures with strut diameters in the range of several 100 micrometers which is mainly controlled by nozzle diameter and extrusion rate. 109 The range of suitable materials for FDM remains limited since the materials have to be thermoplastic, exhibit suitable viscoelasticity and melting/solidification properties and have to be preprocessed into polymer filaments. Several research groups have utilized this technology for the generation of controlled microstructures in iiRP. 6, 7, 27, 95 A variation to FDM is air pressure jet solidification (AJS) which applies air pressure instead of rollers to force solutions or melts through a nozzle, thereby removing the need for preformed thermoplastic polymer filaments. In contrast with FDM, a larger range of materials can be applied including hydrogels, polymer/ ceramic sludges, etc. 10, 20, 21 Similar to FDM, strut diameters can be obtained in the range of several 100 micrometers. 10 Recently, the use of direct-write assembly was reported as a high-resolution variant of AJS. Via the combination of fine nozzle tips with fugitive inks, exhibiting specific viscoelastic properties, fine struts (down to 10 lm diameter) can be obtained by optimizing the pressure. 90, 91 These properties have to enable ink deposition under high shear conditions combined with sufficient shape retention after structuring. 90, 91 Therefore, sometimes the ink is photocrosslinked during deposition to ensure sufficient mechanical integrity. 2 However, since only a limited range of materials comply with these stringent viscoelastic properties, the technique is more suitable for iiRP than direct SFF. 90, 91, 108 More specifically, the ability to generate struts with dynamic diameter control by pressure variation during processing makes the technique suitable for generating hierarchical vascular networks via iRP. 108 Other nozzle-based techniques apply a piston for the deposition of material. In one specific iRP example, a liquid hydrogel precursor is sucked into a capillary using a piston. 3 Next, physical gelation is induced into the capillary, followed by the deposition of the gel in a controlled area to obtain linear channels into a matrix of the final scaffold material with a diameter of 500 lm. Recently, a variation to nozzle based SFF techniques referred to as melt electrospinning writing (MEW) has been reported which applies the principles of melt electrospinning in combination with fluid dynamics to obtain ultra-narrow strut diameters typically in the range of 5-50 lm. 8, 26 Although the technique is very recent, it has already been applied to generate microchannels in a hydrogel structure via iiRP. 26 Printer-Based Systems 3DP applies selective deposition of a liquid binder on a powder bed to selectively fuse powder particles together into a single layer of the CAD. 40, 42, 43, 54 After completion of a layer, a roller distributes a new layer of powder onto the previous one and the process is repeated. Since infused powder acts as a support, complex 3D structures can be obtained with resolutions depending both on jet droplet and powder particle size. For iRP purposes, resolutions in the range of 100-200 lm have been reported. 40, 42, 60 When the complete structure is printed, unfused particles are blown away using pressurised air. 54 Often, the constructs are very brittle and require infiltration with a polymer solution (e.g., polyethylene glycol) or PEG) to reduce brittleness. 54 The material selection is limited, especially the use of synthetic degradable materials poses problems since organic solvents required for particle fusion dissolve most commercially available print nozzles. 40, 42 This in combination with the poor mechanical properties make the technique more attractive for iRP than direct SFF if template removal is possible. 40, 42 Therefore, Lee et al. used gelatin microparticles as a powder fused together with an aqueous solution to generate water-soluble templates. 41 In addition to 3D printing, other printerbased techniques apply an inkjet nozzle to directly deposit droplets of a build-material (e.g., wax) by using piezoelectric actuation. This technique is referred to as inkjet printing (IJP), drop-on-demand printing (DDP) or phase change 3D jet-printing. 51, 63, 79 Upon impact, the droplets harden thereby forming beads which result in lines when adjacent beads overlap. 51, 79 The method benefits from a high resolution as a consequence of the inkjet principle. 20 Often, two nozzles are applied to deposit two materials, being a build material to replicate the CAD and a support material to support overhanging struts during processing. 44 Application of a support material requires an additional support removal step by using a selective solvent before the template structure is obtained. 20, 44, 50, 81 Additionally, some systems increase precision by milling away the top of each layer to a well-defined height before the next layer is deposited. 47, 51, 56, 81, 82, 105 (Fig. 4 ) Using this methodology, a layer height in the range of 10-20 lm can be obtained. 20 Since the applied material in this technology is mainly limited to specific waxes which can easily be dissolved, the technique has proven to be very popular for iRP as it combines high resolution with straightforward template removal. 15, 21, 81, 105 A small variation to IJP can be considered as a hybrid between printer-and irradiation-based techniques. The technique is referred to as POLYJET TM and applies deposition of photocurable droplets combined with immediate UV-curing, in this manner more robust structures are obtained in comparison to conventional IJP. Similar to IJP, the application of 2 nozzles enables the use of a support structure which can be selectively dissolved afterwards. 88, 89 
Casting Methods
Following template generation, a casting step is performed to introduce the final scaffolding material. Since filling up the entire voids with the final scaffolding material can be difficult, several strategies have emerged in this respect. Applied methods include vacuum treatment, injection moulding and thermoforming.
Vacuum can be applied to remove all air bubbles from a solution during scaffold infiltration. 44 One strategy incorporates several templates into a solution of the final material followed by placing the entire container under vacuum. 95 In another approach a syringe filter has been cut in half to which the template was secured. Next, the filter and template were placed into a solution containing the final scaffold material followed by generating a vacuum using the plunger of the syringe thereby resulting in suction of the solution into the entire template (Fig. 5) . 105 If the viscoelastic properties of a melt allow straightforward material handling, pure polymer melts are directly injected into the mould via a syringe. 54, 63 To this end, an extrusion chamber can be incorporated in the mould design. The chamber can be filled with a melt, followed by reproducible extrusion using a syringe plunjer (Fig. 6) . 63 After template removal, the remnants of the extrusion chamber have to be removed manually. 63 Some research groups have already applied a design for the sacrificial mould which incorporates an inlet where a syringe can be attached and an outlet to remove excess material and air (Fig. 7) . As a result, the final scaffold material can simply be injected into the mould, similar to injection moulding. 34, 36 Consequently, scaffold generation is enabled in low tech environments (e.g., hospitals when it comes to scaffold production), if the templates are generated elsewhere. 34 As a final method, Sodian et al. have applied a technique where porous sheets of the scaffold material were heated, pressed against the negative mould and cooled to induce crystallization, thereby locking the final shape. 85, 86 As a consequence, complete heart valves could be obtained from a single sheet with a controlled porosity without the need for suturing. 86 
Generation of Micropores Inside the Scaffold
In order to generate (additional) porosity in the scaffolds produced via iRP, several strategies have been considered to date: critical point drying, freeze drying, porogen leaching, phase inversion, foaming and introducing gas forming agents.
Critical point drying implies the exchange of an organic solvent with liquid CO 2 at room temperature at a controlled pressure. Next, the temperature is increased to 10°above the critical point of CO 2 which converts liquid CO 2 into gas, leaving behind a porous network. The use of an organic solvent, often ethanol, is of crucial importance since liquid CO 2 is not miscible with water. The obtained pores are generally about 50 lm large. 29 Freeze drying uses water (or another solvent) which is frozen to obtain ice crystals, followed by sublimation of these crystals. Consequently, empty pores are left with the morphological features of the ice crystals. 29, 56, 97, 98 When the solvent is water, the mean pore diameter is typically in the range of 100-200 lm.
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In another approach, soluble salts or porogens can be incorporated into the scaffold material prior to casting. During template removal, the porogens are removed simultaneously, thereby leaving behind pores which exhibit the morphology and the size of the applied porogen. 34, 36, [40] [41] [42] [43] 85, 89 Tan et al. have applied uniform microspheres as porogens and arranged them in the most closely packed conformation via ultrasonic treatment. Using this method, a reproducible porous interconnective network can be obtained. 89 If a homogenous solution of two or more components (e.g., PCL in N-N-dimethylacetamide) exists at a certain temperature, sometimes phase separation between the components can occur during cooling. After precipitation, the solvent can be washed away, leaving behind a porous structure in the precipitated compound (e.g., poly-e-(caprolactone) or PCL). 11, 34, 36, 85 Under the right conditions (solvent system, cooling conditions), even nanofibrous structures can be generated which mimic the morphology of collagen fibers present in the ECM.
11,104
Another technique which has been explored is foaming. By vigorously stirring certain scaffold materials including gelatin, viscous foams can be obtained. When the scaffold material is cast into the mould followed by immediate freezing to lock the shape, a highly microporous material is obtained with pores revealing a spherical morphology and uniform distribution. The pore size can be controlled by varying the stirring speed during foam generation. 88 A final reported approach to obtain micropores in a construct consists of the application of gas producing compounds. For example, when radical (photo-) polymerization is applied to lock the template shape into the final material, the use of azo-type initiators (e.g., VA-086) results in the generation of N 2 gas during activation. This results in the formation of micropores inside the final construct. 4 
Mould/Template Removal Process
The final step in iRP consists of template removal without damaging the final construct. 34 The absence of chemical interactions between template and scaffolding material facilitates this process. In addition, elasticity and swelling/shrinking behaviour of both the template and material should be taken into account. For instance, if brittle scaffolding materials are applied, swelling of the template during dissolution can result in stress-induced cracks and deformations arising in the final construct. 49 As a result, several techniques have arisen, including selective melting followed by evaporation, binder burnout and sintering, selective mould dissolution, selective mould degradation, and manual removal or aspiration.
If the template material exhibits a melting point below the thermal stability threshold of the scaffold material (e.g., wax and poly-(glycolic acid)/poly-(lactic acid) or PGA/PLA), the template can be removed by selectively melting the template. 87 To ensure complete template removal, a solvent can be applied to wash away any residue. 87 Sometimes melting alone is not sufficient for complete scaffold removal and often evaporation is necessary. In direct write assembly, the applied template material is often a fugitive ink. As a result, the template (vascular) structure can be removed by gentle heating to evaporate the ink. 90, 91 When ceramics are applied as a scaffolding material, organic templates can be removed by burnout or pyrolysis prior to sintering. 6, 7, 13, 14, 20, 21, 30, 81, 82, 105 Pyrolysis followed by evaporation occurs when an organic material is heated to high temperatures (>400°C). 13, 105 As a result, even unsolvable crosslinked networks generated by irradiation-based techniques can be removed. 9, 13, 106 As sintering at high temperatures is essential to remove the binder material applied for the ceramic slurry, template removal can occur without an additional step. 36 Selective mould dissolution (SMD) is predominantly applied if the final scaffold material is a (synthetic) polymer. A prerequisite of the technique is the availability of a solvent which selectively dissolves the template material without influencing the scaffold material. 11, 29, [42] [43] [44] 50, 54, 56, 63, 77, 79, [87] [88] [89] 93 Therefore, the technique can be applied if the scaffold consists of crosslinked polymer networks which are unsoluble. 95 In addition, solvent mismatching systems can be an option (water vs. organic solvents). 10, 40 The method is often applied to remove wax templates generated via DDP/IJP techniques. 15, 47 Also, the removal of ceramic templates for the generation of scaffolds by using ceramic-specific solvents (e.g., RDO-APEX Engineering Products Corp) has been reported. 87 SMD is one of the few template removal techniques suitable for cell encapsulation in iRP. This can be accomplished when a water-soluble template (e.g., gelatin) is combined with a crosslinked hydrogel material containing cells (e.g., collagen). 23 If the combination of high-resolution SLA templates with thermally unstable scaffolding materials (e.g., (bio)polymers) is desired, pyrolysis and SMD are not possible for template removal. 49 Therefore, the solution can sometimes be found in creative chemistry. Liska et al. reported on the use of a hydrolysable crosslinkable material (using methacrylic anhydride as a crosslinker) for SLA template generation. After casting, the mould was selectively removed via hydrolysis of the anhydride bonds using an alkaline solution. 49 Using this approach, high-resolution iiRP and eiRP scaffolds could be obtained from (PCL), poly(lactic-co-glycolic acid) (PLGA), poly-(L-lactic acid) (PLLA), chitosan, alginate and bone cement. 34 Aspiration is a technique through which the template is removed from the final scaffolding material using a low vacuum pressure. It is clear that this method can only be applied for the removal of template fibers which do not show adhesion to the final scaffolding material. 3 The method can for instance be applied for the generation of blood vessels in labs on a chip (LoC) and organs on a chip. 3 Consequently, the technique is restricted to the generation of simple unbranched channels, which limit tissue engineering applications. However, these properties are often sufficient for LoC devices. The method can be considered as the least invasive template removal strategy.
SMD and aspiration have certain benefits over other scaffold removal methods, since they both allow the application of cell encapsulation via iRP. 3, 23, 62 Furthermore, the sacrificial scaffolds can be produced elsewhere as a ready-to-go kit. Consequently, cellularized scaffolds can be obtained without the necessity of SFF knowhow and infrastructure. This feature increases the potential for rapid technology adoption and swift transfer to the clinic. 62 Consequently, iiRP poses substantial benefits for the generation of vascular networks in comparison to direct SFF techniques. 62 
Overview of Scaffold Materials
A range of indirect scaffold materials have been described in literature to date including biopolymers, synthetic polymers, ceramics and composites. Many authors have highlighted the versatile nature of the iRP technique by casting a selection of (bio)polymers and ceramics. 3, 31, 62 In addition to (bio)polymers and ceramics, the iRP technique can also be used for the construction of porous metal implants, enabling cellular ingrowth. 60 Table 1 gives an overview of all iRP approaches applied to date and contains information about the applied materials, the SFF technique, template material removal and the secondary pore creation strategy.
Biopolymers in Indirect Rapid Prototyping
Extracellular matrix proteins are especially interesting for tissue engineering purposes, as they are inherently biocompatible, cell-interactive and do not result in toxic degradation products. However, they are often considered hard to process. Of considerable interest for tissue engineering purposes is collagen since it is the major constituent of the natural human extracellular matrix. 23, 29, 78, 79 Fabrication of micro channels in a collagen matrix using conventional RP techniques has been limited to simple geometries, such as cylindrical tubes. To generate collagen scaffolds with complex microfluidic channels, a gelatin mould developed by stacking several patterned layers obtained via soft lithography has already been applied. 23 For some applications, the presence of micropores inside the scaffold can pose benefits with respect to diffusion-driven transport. When comparing critical point drying (CPD) and freeze drying for collagen scaffolds, CPD led to significantly higher shrinkage of the scaffold and could not result in a foam-like porous structure. Therefore, freeze drying is considered a more suitable technique for introducing microporosity in collagen scaffolds. 29 Gelatin is a material derived from collagen either by acidic or alkaline hydrolysis. It has been combined with microspheres in an iRP approach to create channelled, microporous scaffolds. 89 However, gelatin dissolves rapidly at physiological conditions and does not possess sufficiently high mechanical properties needed for many tissue engineering applications. Therefore, modification of the primary amine functions to obtain crosslinking functionalities (e.g., methacrylamides) is often performed. [94] [95] [96] [99] [100] [101] Processing of low concentrations which are considered beneficial for cell viability via direct SFF becomes difficult. 4 However, in contrast to direct SFF, iRP has enabled the construction of self-supporting scaffolds using polymer concentrations of 10 wt% and below (Fig. 8) . 3, 95 Another applied biomaterial is silk fibroin, a silkderived, protein-based material which is of specific interest for the engineering of ligaments, bones and cartilage. It consists of amino-acids and is water insoluble, in contrast to gelatin. Conventional fabrication methods only allow limited control over the internal architecture. Therefore, Liu et al. combined iRP with freeze drying to develop silk fibroin tissue engineering scaffolds with macro-channels and micropores thereby enabling optimal cell infiltration. 50 
Synthetic Polymers in Indirect Rapid Prototyping
Due to their mechanical properties and biodegradability, polyesters are often applied for bone tissue engineering. These materials are often processed using fused deposition modelling. However, this method does not allow the creation of a secondary pore structure, for example by including porogens during the casting step. By using an indirect approach, nanofibrous PLLA scaffolds, mimicking the morphological functions of type I collagen, can be generated by applying phase separation in dioxane. 11, 104 Phase separation can be combined with paraffin microspheres to generate a tri-porous structure. 104 PCL is a biocompatible, semi-crystalline, slowly degrading polymer. It combines flexibility with robust mechanical properties, which makes it an attractive candidate for bone tissue engineering. 36, 57, 73 In addition, PCL has also been applied in eiRP for the generation of a carotid artery. To this end, a dip coating process was combined with salt leaching to create a porous construct. 93 PLGA is another popular scaffold material for bone tissue engineering due to its robust mechanical properties.. 43, 64, 80 To demonstrate the obtainable resolution of iRP, Lee et al. fabricated villi-shaped scaffolds and the effect of scaffold design on smooth muscle cell response was evaluated (Fig. 9) . A higher cell density was observed for scaffolds with smaller villi-features (0.5 vs 1 mm). This supports the hypothesis that a larger boundary surface area will better support mass transport. 43 Another polymer which has been applied for bone tissue engineering is poly(propylene fumarate) (PPF), an unsaturated linear polyester, which incorporates crosslinkable double bonds in its backbone. Furthermore, it has shown to support chondrocyte growth combined with matrix deposition. Rapid prototyping of unconventional polymers often requires tedious optimization of experimental processing parameters, which can be surpassed by using iRP.
Poly-3-hydroxyoctanoate-co-3-hydroxyhexanoate and poly-4-hydroxybutyrate have been combined to create functional heart valves using the eiRP approach, which allows the use of porogens 85, 86 These materials are thermoplastic elastomers which are produced via a fermentation process.
Poly(2-oxazolines),a versatile material class with great potential for biological applications, have been applied in combination with MEW to generate a construct with microchannels. 26 
Ceramics in Indirect Rapid Prototyping
Porous ceramics are generally applied as scaffolding materials for bone defects and spinal fusion applications. In this respect, iRP is very appealing since any organic mould can be removed during sintering or pyrolysis, thereby elegantly combining two processing steps. In addition, direct rapid prototyping of ceramic slurries is challenging and often requires a long optimization process. For bone tissue engineering, calcium phosphate is most often used under the form of tricalcium phosphate (TCP), a calcium salt of phosphoric acid. This material is commercially available for its use in medical and dental applications. To fill the iRP mould, TCP particles are combined with a binder solution to obtain a ceramic slurry. After casting, the binder (and mould) are removed via sintering. 15, 47 To increase the scaffold potential, growth factors such as bone-morphogenic proteins (BMP) can be included in the scaffold post-sintering. Especially of interest is BMP-2, a bone matrix protein stimulating mesenchymal cell differentiation into chondrocytes and osteoblasts. 15 A second important ceramic material for tissue engineering purposes is hydroxyapatite (HA), a calcium phosphate and major component of human bones and teeth. It has been studied extensively as bone graft material, since it enables the culture of many types of osteogenic and bone marrow cells. Implantation studies have already shown its ability to support ingrowth of bone into porous implants 35, 36, 38, 46, 52, 69, 96, [99] [100] [101] 104 ( Fig. 10) . Often, a thermally crosslinked binder is used as a carrier for the HA particles, which can be removed during sintering. 13, 14, 30, 32, 75, 106 However, if instead of a binder a self-setting solution is used, sintering is not required and growth factors such as BMP-2 can be included in the scaffold during fabrication. When comparing HA and TCP or blends thereof as scaffold material, HA or HA/TCP blends prove to be superior to TCP in terms of cell viability, proliferation and osteogenic differentiation. 81, 82 In addition to these conventional ceramic materials, alumina ceramic powders have also been investigated as scaffold materials. 6, 7 Composites and Blends in Indirect Rapid Prototyping
The casting process offers the possibility of creating biphasic and composite scaffolds which exhibit zones with different properties for structural tissue interface engineering. An interesting example is the combination of ceramic and polymer composites. Material-related properties such as flexibility of polyesters and toughness of ceramics can be combined as a composite or for the creation of discrete zones within the scaffold. 87 Inspired by natural bone, which is a composite of organic and inorganic compounds, Li et al. combined PLLA and chitosan with HA microspheres. PLLA is used for its high stability, while chitosan has a high biocompatibility. The addition of HA microspheres increases proliferation of pre-osteoblastic cells, resulting in an ideal scaffold for bone tissue engineering (Fig. 11) . 44 By combining the synthetic polymer PPF, as described in paragraph 2.5.2 with b-TCP, an interesting composite can also obtained. In addition to its osteoconductivity, the mechanical properties of the material can increase during the early stages of degradation as a result of continued crosslinking and by complexation of the polymeric carboxylic acid groups with calcium ions. 48 Besides biphasic scaffolds and blends, surface treatments can be applied to create multi-material scaffolds. For example, chitosan and PCL mandibular condyle shaped scaffolds were coated with apatite to increase osteoinductive properties. 41 
APPLICATIONS OF INDIRECT RAPID PROTOTYPING
Due to the versatile nature of the iRP method, and the broad range of materials that can be applied, indirect scaffolds have been developed for different applications ranging from hard to soft tissues, tissue interfaces and the creation of vascular networks (Fig. 12) . By combining medical imaging with the 3D scaffold production methods, patient-specific and defect-specific tissue engineering implants can be developed. Furthermore, iRP has been applied for the creation of microfluidic and vascular networks. However, since this topic is somewhat different from conventional tissue engineering it is discussed in the ''Indirect Templates for the Formation of Vascular Networks'' section. 
Hard Tissue Engineering Using Indirect Rapid Prototyping
The main advantage of iiRP is its rigorous control in terms of scaffold architecture. As a result, the natural morphology of bone tissue including the complex internal microstructure with Volkman's and Haversian canals, can be carefully designed in the mould. 10 Pore size and shape greatly influence the mechanical properties of a scaffold and tissue ingrowth. Increased porosity will lead to a better ingrowth, but will decrease the implant stiffness. Via design optimization, scaffold microstructures can be designed to match the mechanical properties of the target tissue, while maintaining sufficient porosity for tissue ingrowth. 14, 30 In this respect, scaffolds with moduli and strength values in the range of human trabecular bone (compressive modulus of 10-900 MPa, yield stress of 0.2-14 MPa) could be generated using a casting method. 80 In addition to the mechanical properties, pore shape can also influence cell growth. By choosing different pore shapes this influence can be assessed. Channel surface area and local curvature have been shown to strongly influence the tissue growth rate. Round channels result in uniform growth of MC3T3-E1 cells. However in polygonal pores, tissue growth typically starts in the corners, whereas cells on the faces initially remained in a resting state. As a result, round pores are obtained over time regardless of the initial pore shape 74 ( Fig. 13) . However, for identically shaped pores with a size range of 350-800 lm, no significant effect on tissue ingrowth was observed in PCL even after 8 weeks of implantation. 57 Detsch et al. compared bone marrow stromal cell cultivation on scaffolds generated via a direct dispense plotting method and an iiRP method. They observed that for the iiRP scaffolds a higher differentiation of the bone marrow stromal cells into precursor osteoblasts occurred while the direct printed scaffold exhibited a higher proliferation rate. They concluded that both scaffold types were suitable for tissue culture. 20, 21 One of the targeted tissues to be regenerated using an iRP approach is craniofacial tissue. Based on computed tomography (CT) or magnetic resonance imaging (MRI) scans the scaffold can closely mimic the architecture of the defect, for example the mandibular chondyle 31 or the zygoma. 42 Human digit bone was reconstructed by combining a phase separation technique with an eiRP method including paraffin spheres. 104 Aiming at cartilage tissue engineering an indirect PPF scaffold has been combined with a hyaluronic acid/collagen I hydrogel for cell delivery. 45 These scaffolds combined load bearing qualities with enhanced tissue regeneration. Both cubic and ellipsoid shaped pores resulted in good tissue infiltration without any significant difference.
Moore et al. developed a bio artificial graft for the repair of spinal cord injuries. Tailoring to the complex nature of these injuries they developed an implant ac-FIGURE 13. Tissue formation depending on pore structure. Because of different cellular growth rates of cells located in the corner or on the face of the pore, a final round shape is formed regardless of the initial pore morphology. Reprinted with permission from The Royal Society publishing. 74 tive both at the molecular, the cellular and the tissue level. An implant closely mimicking the morphology of the human spinal cord was fabricated using PLLA. Due to its specific architecture the scaffold could be seeded with multiple cell types mirroring the anatomical tissue locations. Schwann-cell loaded scaffolds were implanted in vivo and promoted axon regeneration (Fig. 14) . 64 
Soft Tissue Engineering Using Indirect Rapid Prototyping
Using iRP, complex structures with high resolutions can be achieved, which is demonstrated by printed scaffolds exhibiting a small villi architecture. 40, 42, 43 Another complex tissue that has been generated using iRP is the heart valve. The design needs to be both functional as well as physiologically correct and was obtained based on x-ray computed tomography. The designs included human pulmonary and aortic homografts and were based on moulds fabricated using stereolithography followed by thermoforming of porous PPF sheets to obtain the final structure. 85, 86 By combining eiRP with dip coating and salt leaching, porous, patient-specific, bifurbicating blood vessels have been fabricated based on CT scans of a carotid artery (Fig. 15) which exhibited a mechanical strength within the range of natural human blood vessels (1-3 MPa). The biocompatibility of the scaffold was confirmed using human umbilical vein endothelial cells (HUVECs). 93 
Indirect Rapid Prototyping as a Solution for Tissue Interfaces
The treatment of periodontal diseases involves the formation of new cementum, periodontal ligament and alveolar bone. This challenging multi-tissue interface inspired the combination of a biphasic scaffold with PGA as periodontal ligament and PCL to engineer the bone compartment. A mould was developed to perfectly fit a human tooth dentin slice attached to the PGA region of the scaffold (Fig. 16) . 72, 73 Indirect Templates for the Formation of Vascular Networks
Vascularized Tissue Engineering Constructs
Vascularization in tissue engineering constructs remains a key challenge as many different cell types need a constant supply of oxygen and nutrients. In the absence of blood vessels and capillaries, the thickness of most engineered tissues is limited to 100-200 lm.
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This need is partially resolved by creating porous structures using (direct) rapid prototyping techniques or other pore-creating methods (''Generation of Micropores Inside the Scaffold'' section). However, even with these porous scaffolds nutrient and oxygen supply is driven by passive diffusion. As a result, achieving cell densities close to physiological populations is extremely challenging since often necrotic areas are formed. 62 The use of sacrificial templates offers an elegant alternative to conventional porous structures via the generation of multiscale, vascular-like channels in engineered tissue, which enables active transport of nutrients and waste.
Natural vascularised tissues consist of three main components being the vascular lumen, the vascular wall lined with endothelial cells and a matrix of cells which surround the vascular channels. After removal of the vascular template the obtained channels can be perfused with endothelial cells to deposit a monolayer of cells. Consequently, hybrid cellularized scaffolds can be obtained exhibiting the presence of different cell types and a vascular network which closely mimics natural tissue. 3, 23, 62 To enable template removal in the presence of encapsulated cells template materials have to be carefully selected taking into account a number of requirements. They cannot be cytotoxic and need to be removed under mild conditions without relying on cytotoxic organic solvents. Examples of these materials include agarose, 3 gelatin 23 and carbohydrate-glass. 62 These can all be dissolved by melting or dissolution in water or culture medium. An interesting approach to prevent leachables from entering into the matrix during template removal is the coating of vascular channels prior to casting. During selective dissolution this thin film prevents the leachables to enter the cell encapsulated hydrogel matrix while maintaining diffusion properties for biomolecules to the cells (Fig. 17) .
Microfluidics
Complex microfluidic channels are of interest for a range of applications in biotechnology, in sensors, lab on chips, organs on chips, chemical reactors and fluidic based computers. 91 They can be directly prototyped by (soft) lithography, 28, 52, 76 laser ablation, 46 deep proton writing, 102 micro-milling 25 and ultra-precision diamond tooling. 17 Also, they can be produced at low cost in high volumes through replication techniques such as micro-injection moulding, 22 hot embossing 18 or roll-toroll printing. 103 However, with these techniques the creation of bifurcating true three-dimensional networks remains challenging. Direct writing with fugitive ink offers interesting perspectives in the creation of these microfluidic channels. For example, the creation of biomimetic vascular networks to study fluid transport efficiency has already been reported. 108 Therriault et al. have used direct-write assembly with a fugitive ink to create channels with diameters ranging from 10 to 300 lm. An epoxy resin was cast and the ink was liquefied and removed forming a welldesigned 3D epoxy network. By filling the channels with a photopolymerizable resin and selectively blocking some channels by using a filter before UVcuring, a tower network was created to perform 1D, 2D and 3D mixing experiments (Fig. 18) .
CONCLUSION AND OUTLOOK
The application of iRP has proven to be a tool tackling limitations encountered during the application of direct SFF techniques. Well-defined 3D scaffolds can be produced from biomaterials with mismatched processing properties, from thermally unstable materi- als, ceramics and composites. It allows a straightforward combination of different materials within the same scaffold, via blending of materials, or via the creation of multi-zone materials. This has interesting applications in the engineering of tissue interfaces. Material usage is highly efficient as only the volume of the final construct is required for scaffold production whereas most direct SFF techniques require excessive amounts of material. Furthermore, the combination of indirect rapid prototyping with conventional pore forming methods allows for the generation of structures with a hierarchical porosity. As a result, superior porosities can be obtained in comparison to direct SFF techniques. Therefore, indirect iRP paves the way to more complex constructs and opens up unprecedented opportunities.
In applications where vascularization is a key issue, iRP offers unprecedented possibilities compared to the currently applied approaches. In this respect, the combination of cell encapsulation with a vascular network obtained via iRP perfused with endothelial cells can mimic natural tissue more closely than ever before. The application of cells encapsulated in hydrogels is of paramount importance. Therefore, we anticipate that more focus will be put on this elegant approach to directly combine cells and materials in one final construct. Looking at the current applications for iRP it is striking that the majority of all scientific work in this field relates to hard tissue engineering. This has a historical cause as hard tissue engineering applications have always received a dominant attention in the biomedical field. In addition, it can be attributed to the processing limitations experienced for ceramic materials often used in hard tissue engineering. Using iRP, these processing challenges are easily surpassed which makes this methodology highly attractive. Compared to hard tissue engineering, soft tissue engineering receives less attention but is considered an important emerging application domain of iRP. We anticipate that in the following decade novel applications and materials will find their way to the field of iRP. Therefore, the potential application ranges will further be expanded also covering a higher number of soft tissue engineering and tissue interface applications. In this respect, iRP has already proven to be an ideal technique for the generation of scaffolds combining multiple materials thereby mimicking the complex interface between hard and soft tissue. Furthermore, even outside the field of TE iRP can be applied for example in the study of microfluidic processes. In conclusion, the technique offers additional advantages and new opportunities in areas where the conventional rapid prototyping methods fail.
